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Introduction
South Africa generates 93% of its electricity in coalfired power stations, with the remaining 7% from the smaller hydropower and Koeberg nuclear stations (Eskom, 2012) . The state-controlled utility Eskom is the main customer of the coal mined in the country, being supplied with about 111 Mt in 2007 (Ikaneng, 2008 . Secure electricity supply continues to be a significant factor in the economic growth of South Africa. Eskom is under pressure to ensure that it fulfils its mandate to supply the country with adequate electricity, the situation exacerbated by the planned power outages from late 2008 until January 2009 and repeated in late 2014. This situation is compounded by incomplete electricity supply in the country. In an attempt to remedy the situation, Eskom is building the Medupi coal-fired power station, alongside its sister unit Matimba, in Limpopo province (Department of Environmental Affairs, State of the Environment, 2011). Eskom opted for the traditional coal-fired generation option rather than an alternative solution. The use of wind power for generating electricity has been constantly and rapidly increasing over the last few decades, and according to all predictions and goals set by international authorities, this trend is likely to continue (Sawyer, 2016) . Further increases of wind power exploitation require the production of larger wind turbines with higher unit power output (Jelavic et al., 2008; Tadzhiev et al., 2009) .
The concept of the first solar chimney power technology was based on the principle that, in the collector, solar radiation is used to heat an absorber (ordinarily soil or water bags) on the ground (Dhahri & Omri, 2013) . This absorber heats a large body of air that rises up through the chimney due to the density difference of the air between the chimney base and chimney top; and creates a draft, or 'artificially created wind', through the chimney, which, in turn, drives turbines that generate electricity. A solar chimney power plant in Manzares, Spain (Lorenzo, 2002) was observed to produce an upward wind velocity inside the chimney of 15 m/s under no-load conditions. The largest power output reached by the plant was 50 kW from July to September in 1982 (Zhou et al., 2007) . A schematic diagram of a solar chimney power plant is presented in Figure 1 . It is a simplified model used to describe the power plant and includes the three major components: solar collector, chimney and wind turbine.
Numerical modelling and investigation of the octagonal solar chimney system
The investigation on the octagonal chimney was based on two different but complementary approaches: (a) Numerical modelling was performed to evaluate the design and to investigate the different parameters that could influence the performance of the chimney power plant. Modelling was performed for summer and winter conditions in Pretoria, South Africa. (b) An experimental pilot plant was constructed in Pretoria to evaluate the numerical simulations and to compare theory and practice over a period of 18 months.
Numerical modelling
The numerical modelling of the performance of the solar chimney was performed in ANSYS Fluent software. The design of the solar chimney is transferred into the ANSYS software (Figure 2 ) to model the air flow, heat flow and thermodynamic properties of the system in three dimensions (Figure 3) . The model parameters and dimensions used for the numerical modelling and for the construction of the pilot experimental plant are given in Table 1 . The complete model was constructed from individual sections or parts. The base plate is placed under the chimney to give it a firm fixed base to stand on. It absorbs a little heat and radiation from the sun, and although it was not meant to act as a solar collector did collect a tiny amount of energy to drive the heat flow through the chimney. The material used to construct the base plate was 3 mm mild steel sheets, 5 m in diameter, with a matt black finish. The inlet aperture plays an important role in sustaining the flow of air through the chimney and regulates the air flow into the solar plant. The chimney was constructed 270 mm above the base plate on eight small steel legs, which were welded onto the base plate and the bottom section of the solar chimney. The steel legs were 20 mm square steel tubing and their influence on the airflow and the inlet aperture surface area is assumed to be negligible. The surface area of the inlet aperture around the base of the solar chimney is 2.04 m 2 . The ratio between the top outlet chimney and the inlet aperture of the chimney is 1:8. The ratio between the area of the base plate and the area of the inlet aperture is 12:1.
The chimney is in the shape of an eight-sided cone and is manufactured from a 20 mm square steel tubing structure covered by 2 mm thick steel sheeting. The chimney is painted black to provide efficient solar radiation and heat absorption of the sun during the day. The height of the chimney in this design is 2 m, without the extension. efficiency of the chimney (conversion of heat into kinetic energy) is practically independent of DT at the base plate. It depends solely on the difference between the ambient and air column temperature in the chimney. Higher chimneys are more efficient. The turbine is mounted in the centre close to the outlet of the chimney. The rising hot incoming air through the inlet aperture turns the turbine. Since the solar chimney pilot plant is very small, a suitable turbine was chosen (2 W). The reason for this decision was that literature suggests that the overall efficiency of solar updraft plants varies from 1-2%. Since the maximum solar radiation energy on the chimney is only 992.22 W, 1% is only 10 W. However this efficiency is with a solar collector and in this case it is absent.
The chimney cone outlet extension covers the turbine. It is constructed of 1 mm mild steel sheeting with a matt black finish. The purpose of the extension is to reduce outlet turbulence of the air. The top outlet diameter of the extension is 870 mm and the height of the extension is 570 mm.
Equations used in the simulations
The pressure difference (DP) between the inside of the chimney and the outside is the driving force for the so-called 'stack effect', and it can be calculated with Equation 1. The symbol h is the height of the chimney and is the distance from the opening at the neutral pressure level of the chimney to the topmost opening.
Results from the simulations
Modelling was performed for two different weather and temperature condition cases at Pretoria. The simulations were for the octagonal chimney design. This is necessary because a full-scale solar updraft plant will operate through the year and different conditions will apply.
Case 1: Winter day in Pretoria
The first case presented is a typical winter day in Pretoria. The following parameters were used in ANSYS to simulate the following conditions: The results for this simulation in ANSYS are given in Table 2 . The simulations were performed by assigning simulation intervals that commenced from the inlet aperture, through the length (height) of the chimney to the top of the extension. The values summarised in Table 2 are the simulation results on the inside of the solar power plant at the centre vertical axis of the chimney. The intervals depicted in the first column focus on three sections within the chimney. Section 1 is from -0.2 m to 0.00 m, and shows the values for the inlet aperture of the power plant. The intervals 0.0 m to 2.0 m classify the chimney and intervals 2.0 m to 3.2 m are the extension. Static air pressure as indicated in the table is the pressure difference obtained against atmospheric pressure. Only the most important parameters will be discussed in detail.
Static air pressure results
Static air pressure is investigated to evaluate the airflow path inside the chimney of the solar power plant. Differences in the static air pressure at height through the chimney create a positive static air pressure and create the updraft; resulting in the movement of air upwards through the chimney of solar power plant from the inlet aperture to turn the turbine mounted at the outlet of the chimney. Figure 4 shows the actual data association between static air pressures at defined height intervals for a winter's day' within the chimney and indicates that the flue pressure increases with height in the chimney and approaches the ambient value in the extension, and reduces and oscillates close to ambient pressure after leaving the chimney. The graph indicates that the simulation results of static air pressure inside the flue supports the mechanism that controls the flow of air which is called the 'natural draught', 'natural ventilation', 'chimney effect', or 'stack effect'.
Velocity in Y direction (upwards)
The vertical velocity of the air flow inside the flue is created by the rate at which the air flows into the chimney through the inlet aperture at the bottom. The velocity inside the solar power plant is determined by the rate of change of the vertical movement of the air at a specific position inside the chimney. Figure 5 shows the association between vertical air velocities at defined height intervals within the chimney. It indicates that the velocities increases with height in the chimney and approaches a maximum value at the outlet into the extension and decreases very rapidly. It also indicates that the actual simulation result of air velocities inside the flue supports the mechanism that controls the air flow which is called the 'natural draught', 'natural ventilation', 'chimney effect', or 'stack effect'. Figure 6 shows the actual steady increase of the kinetic energy of the air from the inlet at 0.3 m to .1.5 m of the chimney. The kinetic energy then increases sharply towards the outlet at 2 m, where the flow area is the smallest. It then sharply decreases as it enters into the atmosphere from the outlet of the chimney. As the air moves upward through the chimney, the pressure increases due to the smaller diameter of the outlet. The moment it passes through the outlet and the pressure decreases, the air accelerates.
Case 2: Summer day in Pretoria
The second simulation presented here is for a summer day in Pretoria. The following parameters were used in ANSYS to simulate the following conditions:
• The results for this simulation in ANSYS are given in Table 3 . The simulations were performed by assigning simulation intervals that commenced from the inlet aperture, through the length (height) of the chimney till the top of the extension. The values summarised in Table 3 
Static air pressure results
Static air pressure is investigated to evaluate the airflow path inside the chimney of the solar power plant. Differences in the static air pressure at height through the chimney create a positive static pressure and create the updraft, resulting in the movement of air upwards through the chimney of solar power plant from the inlet aperture to turn the turbine mounted at the outlet of the chimney. Figure 7 shows the actual association between static air pressures at defined height intervals within the chimney for a summer day. The figure indicates that the flue pressure increases with height in the chimney and approaches the largest value at the outlet (2 m).
The pressure then lowers towards the ambient value in the extension, and reduces and oscillates close to ambient pressure. Figure 7 also indicates that the simulation result of the static air pressure inside the flue support the mechanism that controls the flow of air which is called the 'natural draught', 'chimney effect', or 'stack effect'.
Velocity in Y direction (upwards)
The vertical velocity of the air flow inside the flue is created by the rate at which the air flows into the chimney of the pilot plant through the inlet aperture at the bottom. The velocity inside the solar power plant is determined by the rate of change of the vertical movement of the air at a specific position inside the chimney. The actual association between vertical air velocities at defined height intervals within the chimney for a summer day is shown in Figure 8 . The figure indicates that the air velocity increases with height in the chimney and reaches 2.8 ms -1 at the outlet into the chimney extension and the air velocity decreases very rapidly into the atmosphere. The simulation result of air velocity inside the flue supports the mechanism that controls the air flow, which is called the 'natural draught', 'chimney effect', or 'stack effect'.
The graph in Figure 9 shows steady increase of the kinetic energy of the air at in the inlet of 0.3 m to 1 m of the chimney. The kinetic energy then increases sharply towards the outlet at 2 m, where the flow area is the smallest. It sharply decreases as it enters the extension and the atmosphere from the outlet of the chimney.
Construction and experimental investigation of the octagonal solar chimney system 4.1 Construction of the solar chimney
The chimney pilot plant was manufactured in the mechanical workshop at Faculty of Engineering according to the specifications in Table 1 and Figure  2 . The material used to construct the pilot plant was mild steel tubing and 2 mm mild steel sheets. All external steel surfaces were painted matt black. The dimensions used for the construction of the pilot plant were identical to what was used in the ANSYS numerical simulation software, to allow direct comparisons between the numerical simulations and the performance of the pilot plant (Figure 10) . A small turbine was mounted in the chimney outlet (top) and connected to a logger. In addition, measurements were taken with reflecting mirrors around the chimney to allow for solar radiation all around the chimney and to evaluate the increase in performance (Figure 11 ).
Measurement of the power output (performance) of the chimney
The performance of the solar pilot was measured using a data logger. The pilot plant was monitored continuously for one year (to evaluate the performance of the pilot plant through seasonal changes). The data logger took a measurement every 1 sec- ond. Every 15 samples (every 15 seconds) were averaged and reported as one value in Excel. The next section discusses the conditions of some of the different months of the year in Pretoria, and the actual data measured from the pilot plant in Pretoria. The data measured by the data logger was the voltage (V) and the energy in watts (W). The results shown are for the pilot plant, firstly without, and with the reflective mirrors. Results are shown for a typical winter's day, and typical summer's day.
Pilot plant results without mirrors 4.3.1 Winter day in Pretoria
The mean climatic values for an average winter day (10 July) in Pretoria are given in Table 4 . The highest voltages were between 10:00 and 11:00 because of temperature of nearly 23 °C and later between 21:00 and 24:00 because of nearly 11.5 km/h wind speed. Figure 12 shows the original voltage data for the same winter day, every 15 minutes. The graph shows that the maximum voltage was recorded during the daytime between 06:00 and 14:00. Quiet times are also shown of which the longest was between 14:00 and 18:00, mainly because of overcast conditions. The larger active period between 20:00 and 24:00 was due to the wind associated with a thunderstorm.
The next parameter that was recorded over time for the pilot plant was the power output ( Figure 13 ). The mean climatic values for an average winter day (8 August) in Pretoria are given in Table 5 . The largest power distributions were between 08:00 and 14:30 because of a temperature of nearly 19 °C and a wind speed of 0.0 km/h. Figure 13 shows the original power data for the same winter day, every 15 minutes. The graph shows that the maximum power was recorded during the daytime between 11:00 and 13:00. Quiet times are also shown for the dark period between 19:00 and 06:00.
Summer day in Pretoria
The mean climatic values for a summer day (10 April) in Pretoria are given in Table 6 . The highest voltages were between 10:00 and 14:00, because of a temperature of nearly 31.4 °C, and between 21:00 and 00:00 because of a wind speed of nearly 11.5 km/h. Figure 14 shows the original voltage data for the same summer day, for every 15 minutes. The graph shows that the maximum voltage was recorded between 06:00 and 14:00. Some quiet times are also shown, of which the longest was between 14:00 and 18:00, mainly because of overcast conditions. The larger active period between 20:00 and 24:00 was due to the wind associated with a thunderstorm, which carried on intermittently from 01:00 to 03:00 in the morning. The rest of the early morning was quiet. The average voltage output of a summer day is twice what it is for a winter day (Figure 12 ). Figure 15 shows the original power data for a summer day (28 April), for every 15 minutes. The graph shows that the maximum power was recorded during the daytime between 11:00 and 14:00. A strong thunderstorm with associated wind was recorded between 0:00 and 06:00. The quiet times are also shown between 17:00 and midnight, which is to be expected as the sun was not shining. The power output for a summer day is about twice that of a winter day (Figure 13 ). will increase if mirrors are added and heat the chimney from all sides.
Pilot plant results with mirrors

Winter day in Pretoria
The mean climatic values for a winter day (20 July) in Pretoria are given in Table 7 . The highest voltages were between 10:30 and 17:30, because of a temperature of nearly 22 °C, and later between 22:00 and 24:00, because of some wind. Figure 16 shows the original voltage data with mirrors for a winter day (20 July), for every 15 minutes. The graph shows that the maximum voltage was recorded during the daytime between 10:30 and 17:30. Some quiet times are also shown, of which the longest was between 18:00 and 20:00, mainly due to lack of sun and overcast conditions. The larger active period was during mid-day as expected. The average voltage output with mirrors on a winter day is almost the same as for a winter day without mirrors (Figure 16 ).
The next parameter that was recorded for the pilot plant with mirrors was the power output ( Figure 17 ). The mean climatic values for an average winter's day (22 July) are given in Table 8 . The largest power distributions were between 08:00 and 17:30 because of a temperature of nearly 18 °C and a wind speed of 10.0 km/h. Figure 17 shows the original power data with mirrors for a winter day (22 July). The graph shows that the maximum power was recorded during the daytime between 11:00 and 16:00. The quiet times are also shown between 19:00 and 06:00, as expected for night-time.
The data displayed in Figure 17 is the power output with mirrors for a winter day at every 15 minutes, which is less than the power output with- out mirrors. This is mainly due to the lower power produced by the power plant between 15:00 and 19:00, due to overcast conditions. The peak between 18:00 and 19:00 was due to wind.
Summer day in Pretoria
The mean climatic values for a summer day (10 April) in Pretoria are given in Table 9 . The highest voltages were between 10:00 and 17:00 because of a temperature of nearly 26 °C and between 21:00 and 00:00 because of a wind speed of nearly 15.7 km/h. Figure 18 shows the original voltage data for the same summer day, for every 15 minutes. The graph shows that the maximum voltage was recorded during the daytime between 12:00 and 16:00. Some quiet times are also shown between 02:00 and 08:30, as expected. The active period between 18:00 and 24:00 was due to the wind associated with a thunderstorm. The average voltage output of a summer day, with mirrors, is about five times what it is for a summer day without mirrors. Figure 19 shows the original power data for a summer day (10 November). Climatic data is shown in Table 10 .
The highest power was between 15:00 and 20:00, due to a temperature of nearly 33.9 °C and a wind of nearly 10.6 km/h. The power output data is displayed in Figure 19 for a summer day with mirrors every 15 minutes. The power output for a summer day with mirrors is larger than the power output of a summer day without mirrors.
Discussion of results
This performance of the solar power plant was evaluated by generating three different sets of data. These were:
• Theoretical and numerical simulations.
• The long-term measurement of the performance of the constructed pilot plant. The physical dimensions of the pilot plant were exactly the same as for the numerical simulations to directly compare the two data sets. 
Comparison of the results
The comparison of the results is shown in Table 11 and Figure 20 . It shows that the results of the simulated and measured pilot plant without mirrors are in agreement, when all the efficiencies are taken into account. As expected the results of the pilot plant with mirrors are much larger due to the increased radiation, heat flow and temperature.
Conclusions
The purpose of this study was to compare the normal cylindrical chimney with a different shape of chimney, mainly to provide increased airflow and performance. These results showed that an octagonal chimney provided the best performance. The results showed an increased performance if the turbine was positioned close to the chimney outlet, compared to the normal position at the bottom. It also showed an increase in performance if mirrors are used to heat the chimney from all sides. This technology has the capability of generating large amounts of electricity, depending on the size of the plant. The system is also environmentally friendly towards birds and bats (turbine is enclosed by the chimney).
The solar chimney has a further advantage that the system can deliver energy for longer after sunset, due to excess energy that is captured and stored by the collector, if so designed.
Noisy wind farms that disturb local communities are currently a contentious issue. The noise level of this system is much lower since the turbine is enclosed within the chimney that shields the operational noise. 
